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Blazars are active galaxies with jets oriented 
towards the line of sight of the observer. The 
emission from blazars is highly variable 
from radio through gamma-ray bands 
making them some of the most luminous 
objects in the Universe. Despite our current 
understanding, the physics regarding the 
formation and evolution of the jet - their 
morphology among others - remains 
unknown. Hence, it is important to study 
these objects across the electromagnetic 
spectrum and monitor them to assess their 
evolution. In this work, the widely debated 
issue of the emission region and mechanism 
of gamma rays in blazars is discussed. The 
total ﬂux density curves at radio and optical 
bands, and photon ﬂuxes at gamma rays are 
investigated using modiﬁed versions of 
power spectral density and cross-
correlation analysis. 
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1. Active Galactic Nuclei
1.1 Introduction
The central region of massive galaxies releases a substantial amount of
energy that is capable of outshining an entire host galaxy. These are
called active galactic nuclei (AGN). Their classiﬁcation based on disparate
criteria ranges from Seyfert galaxies (107 L) to quasars (1015 L) and
hence is not necessarily mutually exclusive. It is to be noted that not all
galaxies have an active nucleus. In the early twentieth century, photo-
metric and spectroscopic observations detected many nebulae with dis-
tinct emission lines (Fath 1909; Slipher 1917). The extragalactic origin
of these objects was established through the works of Hubble (1926) and
Seyfert (1943). Despite these early optical observations, the initial un-
derstanding about the energetic output from AGN came with the advent
of radio astronomy (Reber 1944), which are more dominant non-thermal
emitters.
Radio astronomy began with the works of Karl Jansky in 1932 with the
discovery of the following sources: local and distant thunderstorms, and
the static using rotatable antenna at a wavelength of 14.6 m. The static
was later concluded to be of an extraterrestrial origin and was identiﬁed
to come from the Milky Way (Jansky 1933). This discovery was soon fol-
lowed by the detection of emissions from the Sun, the centre of the Milky
Way (Sagittarius) and one in the constellation of Cygnus by Grote Re-
ber (Reber 1944). In 1951, the extragalactic nature of the source was
realised with the positional determination of the radio source Cygnus A
using the Cambridge interferometer (Smith 1951). This was later followed
by the identiﬁcation of sources 3C 295 (Minkowski 1960), 3C 48 (Green-
stein 1963) and 3C 273 (Schmidt 1963). An optical counterpart of a blue
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star and a ‘faint wisp’ or ‘jet’ was identiﬁed by Maarten Schmidt and Bev
Oke for the latter source (Schmidt 1963). Spectral studies of the ‘star’
however revealed broad emission lines consistent with known transitions
at a redshift of ∼0.158, placing it well outside the galaxy. The ‘star-like’
appearance of these objects gives them their names, Quasi-Stellar Objects
(QSOs) and Quasi-Stellar Radio Sources (quasars) for the radio-quiet and
radio-loud sources, respectively.
1.2 The AGN paradigm
Despite all efforts to understand the AGN morphology in the early twen-
tieth century, the one that gained importance was that of the accretion
dominated process by a central massive object in a galaxy. This proposi-
tion was due to the immense radiation from 3C 273 (1014 L), that can
only be caused by such processes. In the following years, the presence of a
black hole got established after several observational detections (e.g. Bal-
ick & Brown 1974; Brown & Lo 1982; Lea et al. 1982). The supermassive
black holes with masses∼ 105–1010M are now considered to be present in
every galaxy, including our own. These elusive objects evolve by engulﬁng
the circumnuclear material through the process of accretion. After losing
the potential energy, the accretion disc formed from the infalling matter
thermally radiates due to viscosity. The accretion disc radiates mainly
at optical to soft X-ray energies, and its temperature decreases with the
increase in the mass of the black hole. Thus, the temperature of the accre-
tion discs around stellar-mass black holes is approximately three orders
of magnitude higher than those around supermassive black holes (Belloni
2010).
The spectroscopic observations in the 1970s revealed the presence of
time variable emission lines in the AGN spectra. Some of the lines had
Doppler widths in the range 103–104 km s−1 while others were a few hun-
dred km s−1. Based on the widths, they were categorised as Broad-Line
Region (BLR) and Narrow-Line Region (NLR), respectively. The BLR con-
tains the permitted emission lines, such as the hydrogen Balmer line se-
ries and are extensively studied by the reverberation mapping technique
(e.g. Peterson 2008). Based on the photoionisation models, the tempera-
ture of the BLR is expected to be around 104 K with a number density
 109 cm−3. The broad line width and the high temperature places the
BLR within the potential well of the black hole (≤ 1 pc). Hence, ﬁrm con-
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(R >103 pc) 
Narrow Line Region 
(R ~102—104 pc) 
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Figure 1.1. Generic structure of AGN. The AGN morphology is detailed here along with
the approximate size of each region. This ﬁgure is after Urry & Padovani
(1995).
straints on the physical properties of the supermassive black hole can be
placed based on regular monitoring of the BLR in AGN. The NLR is char-
acterised by (semi-) forbidden lines that show little variability. Their gas
temperature ranges from 10000–25000 K with densities of 103–105 cm−3.
The spatial scale of the NLR is understood to extend up to a kiloparsec
mainly from the lack of variability and narrow line width. In recent years,
the study of the NLR has provided insights into the binary supermassive
black holes formed through galaxy mergers (e.g. Shen et al. 2011).
The dense molecular cloud that surrounds the black hole and accretion
disc, while extending to hundreds of parsecs is called the torus. The torus
is optically thick and re-radiate the dust and gas from the central regions
in infrared and optical regimes. The visibility of the central region of an
AGN depends on the orientation of the torus. Those AGN with a face
on view of the torus show the BLR and the accretion disc in great detail
(classiﬁed as Seyfert type 1); others obscure the central region (classiﬁed
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as Seyfert type 2).
Another remarkable morphology of an AGN that was discovered in 1918
in the elliptical galaxy M87 (Curtis 1918) were a pair of relativistic jets.
These are plasma structures that are energetic and highly collimated and
are launched from the accretion disc. The jets propagate to kiloparsecs or
more in distance.
The highly luminous jets are only observed in about 10 per cent of the
AGN. These objects are classiﬁed as radio-loud AGN. Objects with very
weak jets are called the radio-quiet AGN. The distinction between these
two classes is mostly based on the spectral slope between the radio and
optical band with the demarcation at 0.35 (della Ceca et al. 1994). Sources
above this limit are radio-loud while those below are radio-quiet AGN.
The orientation of relativistic jets in radio-loud AGN has led the way to
the foundation of a uniﬁcation scheme based on viewing angle. This model
is to explain the different properties such as radio structures, brightness
enhancement in jet due to shocks and levels of variability, observed in
these objects (e.g. Antonucci 1993; Urry & Padovani 1995). Those AGN
with the line of sight of the jet directed towards the observer are classiﬁed
as blazars; the explanation for the enhancement in the emission of radio-
loud AGN is discussed in Section 1.3.2. The schematics of the structure of
AGN is shown in Figure 1.1.
1.3 Relativistic Jets
The ﬁrst extensive model for explaining the processes powering the jet
was postulated by Blandford & Znajek (1977). According to this model,
jets are formed from the interaction of the ionised material with the mag-
netic ﬁeld lines around the accretion disc that are twisted by the spinning
black hole. This process, in turn, launches a jet on either side of the ac-
cretion disc. Following this model, Blandford & Königl (1979) proposed a
model for interpreting the observations of relativistic jets.
The basic geometry of the jet is shown in Figure 1.2. The base of the vis-
ible portion of the jet at radio frequencies is assumed at a location R0. The
constant opening angle of the jet is φ and the angle it subtends to the line
of sight of the observer is θ. According to the model of Blandford & Zna-
jek (1977), disturbances produced in the central engine pervade outward,
which forms a shock on reaching the location R0, since this region has a
higher density of electrons and magnetic ﬁeld strength. Processes such
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Figure 1.2. Geometry of relativistic jet model.
as the acceleration, collimation and energisation of the jet occur at dis-
tances of R < R0. Hence probing the location R0 can provide information
regarding the connection between the jet and central engine.
The nonthermal emission due to the synchrotron radiation of the jet is
detectable across the electromagnetic spectrum. Jets can be extensively
studied in the radio frequencies using the technique of Very Long Baseline
Interferometry (VLBI) with the capability to probe into the inner regions
of the jet. The interferometric observations have revealed the structure of
the jet to be short or long with curvature, along with the evidence of mov-
ing components that are either superluminal or subluminal, and some-
times even stationary (e.g. Lister et al. 2013).
1.3.1 Variability
The variability in radio-loud AGN is considered to be dominated by the
emission from the relativistic jet. As mentioned above, the disturbances
in the central engine causes the shocks to propagate down the jet. This
claim was the emergence for the shock-in-jet model that shows shocks can
reproduce the observed structural and spectral variability in ﬂux density
(e.g. Marscher & Gear 1985; Hughes et al. 1985, 1989). According to this
model, ﬂares start at the optical-infrared frequencies and lose their en-
ergy by Compton, synchrotron and adiabatic mechanisms.
According to the current AGN paradigm, the emission in radio to op-
tical (and sometimes also X-rays) corresponds to synchrotron radiation
from the jet. We mostly observe a time delay between the ﬂare at higher
and lower frequencies, as explained by the generalised shock model (Val-
taoja et al. 1992a). They are a result of the relativistic electrons being
accelerated along a shock front while losing energy by synchrotron pro-
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cess. There are various techniques to characterise the time-scale and am-
plitude of variability in AGN, such as the Power Spectral Density (PSD),
cross- and autocorrelation functions (CCF and ACF) and the structure
function (see Section 3). These variables also relate to the size and struc-
ture of the emitting region.
1.3.2 Relativistic beamed emission
The apparent propagation of AGN jet components at speeds greater than
that of the speed of light (c), was ﬁrst proposed by the relativistic beam-
ing model of Rees (1966), years before the VLBI observations came into
practise. This apparent speed, βapp, was understood as an optical illusion
caused by the plasma moving at relativistic speeds, known as superlumi-
nal motion, which depends on the line of sight of the relativistic jet. To un-
derstand this, consider the propagation of a blob at speed β (= ν/c) along
the line of sight θ as shown in Figure 1.2. The blob emits a radiation in the
time interval Δt0 in the observer’s frame; in the source frame this reduces
to Δte = Δt0/(1 + z). The distance travelled by the blob in the observer’s
frame is given by νΔtecosθ while the time interval is Δt0 = Δte(1−βcosθ).
Based on the relation of transerve velocity, νapp = βappc, with the true
velocity, ν and θ, the apparent speed in the plane of the sky reduces to
(Pearson & Zensus 1987),
βapp =
β sin θ
1− β cos θ . (1.1)
The apparent speed is maximum at θ = sin−1(1/Γ), where Γ = (1 −
β2)−1/2 is the Lorentz factor. This implies that a high Lorentz factor can
be realised when the emission from the jet is beamed toward the observer.
The relativistic motion of the blob when directed toward the observer
is strongly Doppler boosted causing an increase in the ﬂux level. The
activity begins to fade when the angle divulges from the observer. The
Doppler boosting factor is given by
δ = [Γ(1− β cos θ)]−1. (1.2)
From equations (1.1) and (1.2), Γ and θ are related as
Γ =
β2app + δ
2 + 1
2δ
(1.3)
and
θ =
2βapp
β2app + δ
2 − 1 . (1.4)
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Due to Doppler boosting, the emission is signiﬁcantly ampliﬁed, which
in the case of blazars, is higher by an order of magnitude or more than
other radio-loud AGN (e.g. Lähteenmäki & Valtaoja 1999; Hovatta et al.
2009). The variability time-scales are also affected by time dilation effects
causing the time-scale in the observer’s frame to be shorter than in the
rest frame of the jet.
The variation in the particle density, magnetic ﬁeld or jet diameter can
be understood by estimating the brightness temperature (Tb) gradient
along the jet. The equation to estimate Tb is given by (Kadler et al. 2004)
Tb = 1.22× 1012K
(
Sν
Jy
)( ν
GHz
)−2( d
mas
)−2
(1 + z), (1.5)
where Sν is the ﬂux density, ν the frequency and d is the angular size.
For a stable conical jet geometry the particle density, magnetic ﬁeld and
the jet diameter is assumed to evolve with a power-law dependence on the
distance from the base of the jet.
1.3.3 Kinematics of the Jet
The study of radio-loud AGN using VLBI has become popular ever since
the ﬁrst measurements in 1967. Since then, it has been shown that jets
are relativistic on parsec (e.g. Lister et al. 2013) and kiloparsec scales
(e.g. Biretta et al. 1995). The VLBI observations of radio-loud AGN have
revealed the presence of a bright emission features that is located at a
distance greater than 0.2 pc from the base of the jet (Pushkarev et al.
2012). These bright structures in AGN jets are mostly a stationary fea-
ture (Marscher 1995) that is termed as a standing shock (aka the core;
R0 in Figure 1.2). The core is marginally resolved or unresolved in VLBI
images and is considered the origin of the jet in radio frequencies. Under
the assumption that the core is located in a region with an optical depth of
one, it is understood that its absolute position varies with frequency. This
frequency-dependent position of the core is called the core-shift (see Fig-
ure 1.3; Lobanov 1998). The core-shift studies are based on the assump-
tion of a conical jet, which in turn yields the magnetic ﬁeld conﬁguration
and also the distance to the actual base of the jet (O’Sullivan & Gabuzda
2009; Pushkarev et al. 2012).
The shocks thus formed in a region closer to the supermassive black hole
propagate down the jet. Apart from the core, numerous moving emission
features are observed in VLBI images that are often found propagating
beyond the core (e.g. Jorstad et al. 2005). These features upon emerg-
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Figure 1.3. An illustration of frequency-dependent core-shift. Credit: Kovalev et al.
(2008).
ing from the core radiate energy via different mechanisms depending on
their energy while the radius of the jet undergoes an expansion. In cer-
tain cases, it is suggested that the expansion of the jet is followed by a
re-collimation when the jet radius decreases and establishes as a shock,
commonly referred to as the re-collimation shock. This phase leads to an
increase in the pressure, density and magnetic ﬁeld of this region. The
moving feature then interacts with the re-collimation shock that is fol-
lowed by an enhanced activity in the total ﬂux-density light curves. The
physical scenario is similar to that observed in the core of the jet; the prop-
agation of the moving shock causes an increase in the jet radius. There-
fore, the evolution of the moving feature beyond the re-collimation shock
reconciles with the shock-in-jet model (Daly & Marscher 1988). Recent
advances in VLBI observations have shown the presence of re-collimation
shocks in AGN at distances less than a milli-arcsec (e.g. 3C 120 S1: León-
Tavares et al. 2010, BL Lac: Cohen et al. 2014a) and also greater than 50
milli-arcsec (e.g. 3C 120 C80: Agudo et al. 2012, M87: Cheung et al. 2007)
from the core.
Studies based on the hydrodynamical (HD) simulations have categorised
the moving features into forward/reverse structures and trailing shocks.
According to the HD simulations by (Aloy et al. 2003), when the rela-
tivistic jet is perturbed at its injection point, the disturbance propagates
downstream, spreading asymmetrically along the jet, and ﬁnally splitting
into two regions. Both of these regions contain enhanced energy densities
with respect to the underlying jet, and thus the synchrotron ﬂux rises.
The leading forward shock and trailing reverse shock have higher and
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lower Lorentz factors, respectively, than the underlying jet ﬂow.
Another HD simulation ﬁnds that the interaction of the external medium
with a strong shock pinches the surface of the jet, leading to the produc-
tion of the trailing features (Agudo et al. 2001). These trailing shocks ap-
pear to be released in the wake of the primary moving shock rather than
ejected from the core. Hence, a single strong component ejection from
the jet nozzle may lead to the production of multiple emission features
through this mechanism.
The alternate models to those involving shocks consider plasmoids prop-
agating down the jets as discrete density enhancements called “blobs”.
These blobs traverse the jet expanding both longitudinally and laterally.
Despite the argument for blobs, the shock scenario gained more impor-
tance as they are a viable model that could explain the dynamics of the
jets, such as those discussed above.
1.4 Spectral energy distribution
In order to understand the physical processes in an AGN, the contin-
uum radiation properties are to be fully probed. This is done with the
construction of spectral energy distribution (SED) which can be charac-
terised using various radiation models to understand the physics of the
emission at the particular frequency. The shape of a SED also differs in
various types of AGN. For example, the radio component of the SED peaks
higher in radio-loud AGN than in their radio-quiet counterpart (e.g. Elvis
et al. 1994). This thesis work has focussed solely on blazars which are
radio-loud AGN. The SED of a blazar shows two prominent peaks (see
Figure 1.4) with the low-frequency peak around the radio/infrared regime
due to synchrotron radiation and the high-frequency peak in the γ-ray
energies due to inverse-Compton or hadronic processes.
1.5 Blazars
Radio-loud AGN with relativistic jets oriented close to the line of sight
of the observer are called blazars. The average viewing angle of blazars
is 5◦ (Lister et al. 2013). Blazars account for less than ﬁve per cent of
all AGN. The jet emission in these objects are Doppler boosted thus mak-
ing it highly variable across the electromagnetic spectrum, from radio to
9
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Figure 1.4. Spectral energy distribution for 3C 279 at different source intensities, over
the years from 1991 to 2003, taken from Errando et al. (2008). The solid line
represents the total model emission. The individual components of the emis-
sion model are synchrotron radiation (dotted line), accretion disc emission
(long-dashed), synchrotron self-Compton (short-dashed) and external Comp-
ton (dot-dashed).
TeV, with high polarisation (at both optical and radio frequencies) and
high brightness temperatures. These objects are sub-classiﬁed into Flat-
Spectrum Radio Quasars (FSRQs) and BL Lacertae Objects (BLOs).
1.5.1 Flat-Spectrum Radio Quasars
FSRQs have strong, broad emission lines and have active accretion discs.
They possess smaller black hole masses and are more luminous than
BLOs with lower particle acceleration in the jets. The average viewing
angle of FSRQs is 4◦ (Lister et al. 2009). All FSRQs tend to have ﬂat
radio spectra typically with α > −0.5, for Sν ∝ να. Their continuum
emission shows the presence of a “blue bump” in the SED and is charac-
terised by rapid variability, high and variable polarisation, high bright-
ness temperatures and relativistic shocks in radio jets. FSRQs can be
10
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sub-divided as Optically Violently Variables, Highly Polarised Quasars
and Core-Dominated Quasars. However, various observations have shown
that these three different classes reﬂect the same properties and hence
are always called by their parent population, the FSRQs (Fugmann 1988;
Valtaoja et al. 1992b; Wills et al. 1992).
1.5.2 BL Lacertae Objects
BLOs lack strong emission lines in their optical spectra (typical equiva-
lent width limits are set at less than 5 Å), which makes the determination
of redshift very difﬁcult. The jet energetics are stronger in BLOs with
higher particle acceleration compared to the FSRQs while the accretion
disc emission is very weak. The average viewing angle of the jet in the
BLOs is 9◦ (Lister et al. 2009). Based on the discovery of these objects
in the radio or X-ray band, they have been classiﬁed into radio- (RBL) or
X-ray selected BLO (XBL). RBLs are more luminous in radio and opti-
cal wavebands, and have a higher degree of polarisation compared to the
XBLs (Stocke et al. 1985). The presence of a third class that is interme-
diate between RBL and XBL has recently gained popularity. The peak
frequency for RBLs and XBLs are in the radio/infrared and Ultraviolet/X-
ray bands, respectively, while the intermediate BLOs peak in the optical
wavebands. Thus, considering the physical difference between the differ-
ent categories, the source class was revised into low- and high-frequency-
peaked BLOs (Padovani & Giommi 1995).
The classiﬁcation of BLOs discussed above can be revised to be based
on the location of the synchrotron peak, νpksyn. The νpksyn span a range from
∼ 1012–1018 Hz. The three classes are: low synchrotron peaked (LSP)
with νpksyn  1014 Hz, intermediate synchrotron peaked (ISP) with 1014 
νpksyn  1015 Hz, and high synchrotron peaked (HSP) blazars with νpksyn 
1015 Hz. The sketch of the blazar SED with the three classes are shown
in Figure 1.5.
The emission mechanism at X-rays in LSPs, ISPs and HSPs are dom-
inated by inverse-Compton, synchrotron and inverse-Compton, and syn-
chrotron processes, respectively. In LSPs, the X-ray spectrum is ﬂat (αX 
1), while in HSPs it is steeper (αX ≈ 1.5). On considering the two primary
classes of blazars, the νpksyn in FSRQs are always  1014 Hz and hence only
belong to the class LSP. BLOs show great scatter in the distribution of the
νpksyn and can be classiﬁed into any of the three types (e.g. Nieppola et al.
2006; Giommi et al. 2012).
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Figure 1.5. Different blazar types based on the peak of the synchrotron component in
their SED. Low synchrotron peaked blazars, LSP, are denoted by the lower
dotted line and high synchrotron peaked blazars, HSP, is dotted line by the
upper dotted line. Intermediate synchrotron peaked sources, ISP, are con-
ﬁned within the gray area. Credit: Abdo et al. (2010b)
1.6 Emission Mechanisms
The emission from blazars has been observed from radio frequencies all
the way to TeV γ-rays. Different regions in a blazar radiate at differ-
ent frequencies (Figure 1.6). To understand the physical mechanism of
a blazar emission across the electromagnetic spectrum, various models
have been proposed. All of them assume the emission to be thermal or
non-thermal in nature. The latter emission is produced by two processes
– synchrotron and inverse-Compton.
1.6.1 Thermal radiation
Due to the turbulence and change in the gravitational potential energy
of the infalling material, the accretion disc is heated to high tempera-
tures (∼ 105 K) such that it can emit thermal radiation with energies all
the way up to the X-ray part of the spectrum. Also referred to as the
bremsstrahlung (braking radiation in German) or free-free emission, they
are produced via the interaction of an electron with a free ion. This inter-
action results in a change in the momentum that accelerates the particles
12
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Figure 1.6. Emission regions of a radio-loud AGN from Marscher (2005).
to produce the observed radiation. Thermal emission can emerge from
different regions of the central engine of AGN. Thermal continuum emis-
sion in the ultraviolet and optical bands is believed to originate within
the accretion disc, while those in the infrared bands is believed to origi-
nate in the dusty, molecular torus, representing emission from the disc or
BLR that has been reprocessed in this optically thick region into thermal
radiation (see Antonucci 1993, for a review).
1.6.2 Synchrotron mechanism
The magnetic ﬁelds in AGN are likely formed due to ionised particles from
the accretion disc in-falling towards the black hole. Due to the rotation of
the disc, the magnetic ﬁeld lines form a helical spiral. When charged par-
ticles spiral up the magnetic ﬁeld lines, they emit synchrotron radiation.
The emission is along the direction of the electron’s motion. The emission
due to beaming effects will be radiated along a narrow cone with an open-
ing angle, φ  Γ−1, and the observer detects the emission when the cone
sweeps along the line of sight. The radiation will be more beamed with an
increase in the Lorentz factor.
The peak synchrotron frequency, νpksyn, for an electron is given by
νpksyn ≈
Be
2πmec
γ2, (1.6)
where B is the magnetic ﬁeld, e and me are the charge and mass of an
electron. For highly relativistic electrons, this reduces to
νpksyn ≡ γ2νg. (1.7)
where γ is the electron Lorentz Factor and νg is the gyrofrequency.
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Figure 1.7. The spectrum produced by synchrotron emission for electrons with power-law
distribution. The optically thick part is given by ν5/2, and the optically thin
part is described by ν−(p−1)/2. Credit: Rybicki & Lightman (1979).
Synchrotron self-absorption: A synchrotron source with brightness tem-
perature Tb > mec2/k ≈ 1010 K will become self-absorbed at low-frequencies
and below the turnover frequency, νm. This process occurs when relativis-
tic electron absorbs and emits the photons they are producing. For non-
thermal electron distribution, the synchrotron self-absorption increases
with decreasing frequency. Thus, the synchrotron emission becomes opti-
cally thick below turnover frequency. For electrons with power-law distri-
bution, the optically thick spectrum becomes Sν ∝ ν5/2. At high frequen-
cies, the radiative losses dominate the steepening of the electron energy
distribution. The resulting spectrum is shown in Figure 1.7. For more
discussion on the topic and derivation of the equations, see Rybicki &
Lightman (1979).
1.6.3 Inverse-Compton Scattering
In Compton scattering, an electron scatters off a photon and in turn gains
energy. Its opposite, i.e. when a low-frequency photon gains energy, is
called the inverse-Compton scattering (ICS). The location of the seed pho-
tons in ICS process producing γ-ray emission is still under scrutiny. This
is due to the concerns over the source of seed photons when the emission
region is closer to the supermassive black hole and the source of electrons
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if the emission region is in the parsec-scale radio-jet. Through numerous
modelling efforts, the source of photons near the supermassive black hole
can be constrained to: optical/UV photons from an accretion disc (e.g. Der-
mer et al. 1992), optical photons from the BLR, and infrared dust photons
(Sikora et al. 1994; Błaz˙ejowski et al. 2000). The emission mechanism in
these cases is referred to as external inverse-Compton (EIC). In the other
scenario, the synchrotron photons can be produced in the jet through syn-
chrotron processes, thus, serving as seed photons for ICS. This process is
called synchrotron self-Compton (SSC; e.g. Maraschi et al. 1992; Bloom &
Marscher 1996).
Synchrotron self-Compton: The spectrum of an SSC process is smooth
and broad, similar to those of the synchrotron process that provides the
seed photons which are up-scattered to high-energies. Hence, the vari-
ability of a synchrotron and SSC-dominated process should be the same,
and so is the peak luminosity, which can also be understood from the SED
in Figure 1.4. The luminosity of an SSC process assuming an isotropic
distribution of photons is given by
LSSC =
4
3
σTcUphΓ
2β2 (1.8)
where σT is the Thomson cross section and Uph is the energy density of
the photon ﬁeld. The synchrotron luminosity is given by
Lsynch =
4
3
σTcUBΓ
2β2 (1.9)
where UB is the energy density of the magnetic ﬁeld. From equations (1.8
and 1.9, it is clear that in the Thomson limit the synchrotron and SSC
radiations are related as
Lsynch
LSSC
=
UB
Uph
, (1.10)
i.e. the relative emission of the synchrotron and SSC mechanisms are de-
pendent on the magnetic ﬁeld energy density and the photon ﬁeld energy
density in the source. The luminosity of the SSC component is stronger for
compact emission regions, and it decreases with any increase in the size
of the emission region. The discussed scenario for the SSC processes are
under a one-zone model where a single plasma blob acts as an emission
region of size, R = ctvarδ/(1 + z) where tvar is the variability time-scale.
In certain cases, the up-scattered photons may act as a seed photon ﬁeld
thus triggering multiple SSC scattering (see Björnsson 2010, for more dis-
cussion).
External inverse-Compton: In this case, the seed photon ﬁeld for Comp-
ton scattering is located closer to the central engine. The ICS of electrons
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on these photons pushes the high-energy hump of the SED to higher ﬂux
values. This dominance of the EIC component over the synchrotron can
be understood from the SED of 3C 279 shown in Figure 1.4. The relation
between the EIC and synchrotron luminosities can be expressed as
Lsynch
LEIC
=
UB
U ′ph
, (1.11)
where U ′ph invokes the relative speed between the relativistic electrons
and photon ﬁeld. In general, EIC seems to be prerogative of the high-
energy emission in FSRQs, just like the SSC is the favoured model for
BLOs (e.g. Abdo et al. 2010b).
Both SSC and EIC processes are classiﬁed under the leptonic models
where the Compton scattering of low-energy photons from the ultrarel-
ativistic electrons dominates the high-energy emission. In the hadronic
model, the photo-pair and photo-pion production due to the presence of ul-
trarelativistic protons in the jet will initiate cascades that dominates the
high-energy emission (see Böttcher et al. 2013, for a review). Throughout
this thesis only the correlated variability in blazars is explored, which are
predicted under the leptonic models. Therefore, the hadronic model will
not be accounted for any of the analyses.
1.7 Multifrequency Connection
The investigation of blazar variability from radio to γ-ray frequencies pro-
vides information regarding the connection between these wavebands and
can also explain the emission mechanism in the γ rays.
1.7.1 CGRO/EGRET era
The Compton Gamma-Ray Observatory (CGRO) was the ﬁrst major space
observatory dedicated to observations in the γ rays. It operated between
1991 and 2000. The Energetic Gamma-Ray Experiment Telescope (EGRET)
was one of the instruments onboard the CGRO that observed in the en-
ergy range 20 MeV to 30 GeV. The all-sky survey performed by EGRET
was completed in 1999 and released the third EGRET catalogue (Hart-
man et al. 1999). The instrument detected 271 sources of which 66 were
blazars.
Many differing statistical analyses of these EGRET-detected blazars have
been conducted with some of them concentrating on the direct relation-
ship between the radio and γ-ray luminosities (e.g. Muecke et al. 1997;
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Bloom 2008). Through a comprehensive statistical analysis, Bloom (2008)
showed that the radio and γ-ray luminosities are related as: Lγ ∝ L0.77±0.03r .
Using Monte Carlo simulations, the author was able to replicate the ob-
served luminosity relationship, under the assumption of an SSC model.
Using single-dish radio observations, Valtaoja & Teräsranta (1995) sug-
gested that the radio and the γ-ray ﬂares must be produced in the same
shocked regions in the jet. Their inference was based on the EGRET de-
tection during the rising phase or peak of the radio ﬂare. On the other
hand, Lähteenmäki & Valtaoja (2003) concluded that the γ rays were pro-
duced downstream from the radio core. These results also agree with
those obtained from VLBI observations of the shocked regions in the jet
(Jorstad et al. 2001b). Thus, all these ﬁndings are in favour of the SSC
mechanism for the γ-ray emission.
1.7.2 Fermi /LAT era
Launched in 2008, the Fermi Gamma-Ray Space Telescope is the successor
to the CGRO. The Large Area Telescope (LAT) onboard the Fermi is the
primary instrument capable of observing in the energy range, 20 MeV to
300 GeV (Atwood et al. 2009, hereafter Fermi /LAT). The ﬁeld of view of
Fermi /LAT is about 20 per cent of the sky. Owing to the better sensitivity,
larger ﬁeld of view and, more importantly, the faster scanning strategy
(scans continuously the whole sky every three hours) of Fermi /LAT over
CGRO/EGRET, > 500 blazars were detected within the ﬁrst two years of
operation (hereafter 2FGL; Nolan et al. 2012).
Even with one year of the Fermi /LAT observations, several studies were
made regarding the radio and γ-ray connection in blazars. Kovalev et al.
(2009) using three months of data was able to establish the correlation be-
tween Fermi /LAT photon ﬂux and quasi-simultaneous 15 GHz ﬂux den-
sity observations. They conclude that the γ-ray emission is strongly cor-
related with the parsec-scale radio emission in bright γ-ray objects. This
result also agrees with those obtained from VLBI observations, which
shows the presence of superluminal speeds, large opening angles and high
Doppler factors in Fermi /LAT detected blazars.
Using the ﬁrst Fermi Gamma-Ray Catalogue (Abdo et al. 2010a), Niep-
pola et al. (2011) showed the existence of ﬂux and luminosity correlation
using 37 GHz radio observations. Meanwhile, by comparing the onset of
the millimetre ﬂare to the γ-ray peak for 60 bright northern blazars, León-
Tavares et al. (2011) constrained the γ-ray emission region to the parsec-
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scale radio jet. Due to the uniform and densely sampled Fermi /LAT
light curves, time variability studies have been performed in connection
with the radio, millimetre and optical light curves (Cohen et al. 2014b;
Fuhrmann et al. 2014; Max-Moerbeck et al. 2014a). Likewise, several si-
multaneous observing campaigns have been organised to study the spec-
tral variability of blazars (Abdo et al. 2010b).
1.8 Importance of Blazar Research
The precipitous amount of radiation from the black hole-powered objects
and the high temperatures prevailing around them cannot be found else-
where in the Universe. Hence, the study of objects, such as blazars offers
an opportunity for understanding the energy production mechanism that
is associated with the black hole, which today still remains an enigma.
The emission from relativistic jets in blazars is characterised by ex-
treme variability across the electromagnetic spectrum. Associated with
this property are the physical phenomenon, such as the collimation of the
jet, the propagation of shocks, acceleration of relativistic particles and the
ICS of photons to high-energies. Over decades of observational support
and numerical modelling, the astronomical community has come to a con-
sensus regarding the emission mechanisms in the radio to X-ray bands,
the relativistic property of the jets and the presence of magnetised plas-
mas in jets. This knowledge still precludes us from understanding the
formation and collimation of the jet, accretion processes in AGN, activity
cycle of the black hole and the high-energy emission mechanisms, among
others.
In this thesis, I address the high-energy emission mechanism in blazars
using multifrequency observations and time variability analysis. The
well-sampled data of most sources allowed in constraining the physical
and variability properties, along with a hint on the location of the photon
ﬁeld for the high-energy emission.
18
2. Multifrequency Observations and
Data Reduction
2.1 Gamma-ray observations
The γ-ray data used throughout this thesis have been obtained from the
Fermi /LAT instrument. The LAT with an energy range of 20 MeV to
300 GeV has an energy resolution <15 per cent at energies >100 MeV.
The effective area of the LAT is >8000 cm2 for photons incident at an an-
gle, θ = 0. The point source sensitivity is < 6× 10−9 photons cm−2 s−1 for
energies >100 MeV. The LAT is a pair conversion instrument that creates
an electron-positron pair from the incident photon. The instrument al-
lows the photon to go through the conversion foils followed by the particle
tracking detectors where it interacts with tungsten to form an electron-
positron pair. Finally, their energies are determined by a calorimeter. The
γ-ray photons incident on the detector can be contaminated by the cosmic
ray particles that dominate over the photons by a magnitude of the order
greater than three. To overcome this issue, the LAT instrument consists
of an anti-coincidence detector that can identify the cosmic rays, which
are excluded from the analysis.
The γ-ray ﬂuxes can then be obtained from the FITS ﬁles provided by
the FermiScience Support Center1. In Publications I–III, I obtained the
γ-ray ﬂuxes over the energy range of 0.1–200 GeV using the SCIENCE
TOOLS2. Following the data selection recommendation3, only photons
with event class of 2 (corresponds to higher probability of being photons)
were chosen while excluding those with zenith angle > 100◦ to avoid con-
tamination from photons coming from the Earth’s limb. The instrument
1http://fermi.gsfc.nasa.gov/ssc/
2http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone
3http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/data_preparation.html
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response functions P7REP_SOURCE_V15 were used throughout (Acker-
mann et al. 2012).
An unbinned likelihood methodology was implemented using gtlike (Cash
1979; Mattox et al. 1996). This task models all sources including the
target source within the region-of-interest (15◦) obtained from the 2FGL.
The model parameters of sources with signiﬁcance < 2σ were ﬁxed to the
2FGL value while those of other sources were allowed to vary. The Galac-
tic diffuse emission, and the isotropic background (sum of extragalactic
diffuse and residual instrumental backgrounds) were also modelled at
this stage, using the template provided with the SCIENCE TOOLS. The
ﬁnal ﬂuxes were then obtained from this analysis along with the source
detection criterion given by the maximum-likelihood test statistic (TS;
Mattox et al. 1996). TS is given as −2ln(Lmax,0/Lmax,1), where Lmax,1 and
Lmax,0 corresponds to the maximum likelihood value for a model with and
without an additional source. For bins with TS less than nine in Publica-
tion I, 2σ upper limits were estimated using a proﬁle likelihood method
(Rolke et al. 2005).
2.2 X-ray observations
The X-ray data was obtained from the Swift X-ray Telescope (XRT). The
instrument can observe over the energy range of 0.2–10 keV, and has a
sensitivity limit of 2 × 10−14 to 9 × 10−10 erg cm−2 s−1. At 1.5 keV, the
telescope has an effective area of 110 cm2 and a resolution of 18 arcsec.
The X-ray data used for this thesis were obtained from a monitoring pro-
gramme of Fermi blazars in the energy range, 0.3–10 keV. The X-ray data
reduction method is discussed in Williamson et al. (2014).
2.3 Optical observations
The optical data used in Publication I were gathered from various obser-
vatories at wavebands B-, V-, R- and I-band. These data were part of
a monitoring programme of Fermi blazars. The optical facilities include
the Catalina Real-time Transient Survey (Drake et al. 2009)4, Lowell
Observatory (1.83-m Perkins Telescope equipped with the PRISM cam-
era), Calar Alto (2.2-m Telescope, observations under the MAPCAT5 pro-
4http://crts.caltech.edu/
5http://www.iaa.es/∼iagudo/research/MAPCAT
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gramme), Liverpool 2-m Telescope, Crimean Astrophysical Observatory
(0.7-m Telescope), and St. Petersburg State University (0.4-m Telescope).
The optical data analysis procedures except for the Catalina data were
performed as discussed in Jorstad et al. (2010).
For Publication III, the R-band data were obtained from the Tuorla
blazar monitoring programme6, Steward Observatory of the University
of Arizona7 (observations under the ground-based observational support
of the Fermi Gamma-ray Space Telescope) and from the Yale University
SMARTS8 programme.
2.4 Radio observations
For studying the radio and γ-ray connection of 1156+295 in Publication I,
the 230 GHz (1.3 mm) light curve from the Submillimeter Array (SMA)
was used. The SMA is an 8-element radio interferometer located in Hawaii,
with each antenna sizing up to 6 m. The longest baseline extends as far
as 509 m. The frequency range of the array is from 180 to 700 GHz that
has a sub-arcsecond resolution. Observations at the SMA are calibrated
against known standards, typically solar system objects (Titan, Uranus,
Neptune or Callisto). Data from this programme are regularly updated
and are available at the SMA website9.
In Publication III, 95 GHz observations from the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) interferometer was used.
CARMA consists of eight 3.5 m telescopes capable of observing at a cen-
tral frequency of 95 GHz with a bandwidth of 7.5 GHz. The data were
reduced using the MIRIAD software (Sault et al. 1995), including stan-
dard bandpass calibration on a bright quasar. The amplitude and phase
gain calibration was done by self-calibrating on the target source. The
absolute ﬂux calibration was determined from a temporally nearby obser-
vation (within a day) of the planets Mars, Neptune or Uranus, whenever
possible. Otherwise, the sources 3C 273, 3C 345, and 3C 84 were used
as secondary calibrators. The CARMA observations were taken as part of
the Monitoring of γ-ray Active galactic nuclei with the Radio, Millimetre
and Optical Telescopes10 programme.
6http://users.utu.ﬁ/kani/1m/index.html
7http://james.as.arizona.edu/∼psmith/Fermi/
8www.astro.yale.edu/smarts/glast/home.php
9http://sma1.sma.hawaii.edu/callist/callist.html
10http://www.astro.caltech.edu/marmot/
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The 37 GHz observations were obtained with the 13.7 m diameter Met-
sähovi radio telescope, which is a radome-enclosed paraboloid antenna
situated in Finland. The measurements were made with a 1 GHz-band
dual beam receiver centred at 36.8 GHz. The observations are ON–ON
observations, alternating the source and the sky in each feed horn. A typ-
ical integration time to obtain one ﬂux density data point is between 1200
and 1400 s. The detection limit of the telescope at 37 GHz is on the or-
der of 0.2 Jy under optimal conditions. Data points with a signal-to-noise
ratio < 4 are handled as non-detections and discarded from the analy-
sis. The ﬂux density scale is set by observations of the HII region DR21,
with a known ﬂux density of 17.9 Jy at 37 GHz (Teräsranta et al. 1998).
The sources NGC 7027, 3C 274 and 3C 84, are used as secondary calibra-
tors. A detailed description of the data reduction and analysis is given in
Teräsranta et al. (1998).
2.4.1 VLBA observations
To investigate the kinematics of the inner regions of the jet in the blazar
1156+295, 47 VLBA observations at 43 GHz from the Boston University
blazar monitoring programme11 were used. The data reduction and cali-
bration were performed as discussed in Jorstad et al. (2005).
The calibrated data was obtained from their archive and the complex
visibilities were then modelled with multiple components using the task
modelﬁt in the DIFMAP program (Shepherd 1997), with each model rep-
resented by a simple two-dimensional Gaussian brightness distribution.
This method can identify components of the source structure that are
closer than the resolution of the synthesized beam but are resolved by
the longest baselines. The model consisted of circular Gaussian compo-
nents to parametrize the data to reduce the number of free parameters.
The ﬁt was considered to be good if the residual map rms-noise was low,
and the reduced χ2 statistic was ∼ 1. A ﬁt to an additional component
was deemed necessary only if it signiﬁcantly improved the quality of the
ﬁt. No starting model was used during the modelﬁt procedure. The uncer-
tainties of the parameters of individual components were estimated with
the DIFWRAP package (Lovell 2000), following the approach discussed in
Rastorgueva et al. (2011).
11http://www.bu.edu/blazars/VLBAproject.html
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2.5 Planck observations
The Planck satellite, launched in 2009, mapped the cosmic microwave
background radiation with high precision. Apart from that, the all-sky
scanning strategy employed by Planckprovides a uniform sampling and
allows one to study the distant galaxies in microwave to submillimetre
wavelengths. The primary mirror of Planck is 1.9 × 1.5 m in diameter
with an effective aperture size of 1.5 m. The telescope possesses two in-
struments – Low Frequency Instrument (LFI) and High Frequency In-
strument (HFI). The LFI can observe in the frequency range of 27 to
77 GHz with the best resolution of 14 arcmin at 70 GHz. The HFI observes
in the frequency range of 84 GHz to 1 THz. The best resolution that can be
achieved with HFI is 5 arcmin at 857 GHz. During the Planck observing
Table 2.1. Multifrequency data used in Publication IV
Observatory Frequencies (GHz)
Planck LFI 30, 44, 70
Planck HFI 100, 143, 217, 353, 545, 857
Metsähovi, Finland 37
OVRO, USA 15
RATAN-600, Russia 1.1, 2.3, 4.8, 7.7, 11.2, 21.7
UMRAO, USA 4.8, 8.0, 14.5
period a multifrequency campaign to study the spectral evolution of the
bright AGN was initiated. All the data that was used as part of this work
(Publication IV) is shown in Table 2.1. In total there were four surveys
from August 2009 to August 2011.
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3. Statistical tests for variability
3.1 Power Spectral Density
The PSD analysis is one of the methods to characterise the time variabil-
ity. PSD is deﬁned as a function of frequency measuring their respective
contributions to the overall variability of a varying signal.
The PSD of an evenly sampled light curve is the amplitude squared of
the light curve’s Fourier transform. Since such continuity in the time se-
ries is almost never observed, the PSD can be approximated by its math-
ematical analogy, the periodogram. For a light curve of length N , the pe-
riodogram is given by the modulus squared of the discrete Fourier trans-
form of the data (DFT; Press et al. 1992) as deﬁned by
DFT (j) =
N∑
k=1
x(tk) e
2πi(k−1)j/N . (3.1)
The periodogram, P (fj), at a Fourier frequency of fj , is given by
P (fj) =
2
N2
{
Re[DFT(j)]2 + Im[DFT(j)]2
}
even N : j = 0, 1, . . . , N/2
odd N : j = 0, 1, . . . , (N − 1)/2 (3.2)
where fj = j/(NΔTbin) and ΔTbin is the binning interval of the light curve.
For even N , fN/2 = 1/(2ΔTbin) is the Nyquist frequency, fNyq. The zero
Fourier frequency component, f0, corresponds to the sum of the light
curve.
Many conventions exist for the overall normalisation of the periodogram
(see Vaughan et al. 2003, for more information). The fractional rms nor-
malisation, NΔTbin/μ2, is one widely used in the periodogram. The contri-
bution to the fractional rms-squared variance (i.e. σ2/μ2) due to variations
from the corresponding time-scales (Miyamoto et al. 1991; van der Klis
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1997) can be obtained with this normalisation. This can be inferred by
taking the square root of the integral of the underlying PSD between two
frequencies f1 and f2. Thus, the total rms-squared variability is obtained
by integrating between f1 and fNyq (even) or f(n−1)/2 (odd). Equation (3.2)
therefore reduces to equation (3.3).
P (fj) =
2ΔTbin
μ2N
{
Re[DFT(j)]2 + Im[DFT(j)]2
}
. (3.3)
The underlying PSD for AGN light curves are, in general, assumed to be
distributed as a power-law of the form: P (f) ∝ f−α. The simplest ap-
proach to estimating the PSD slope, α, is by ﬁtting a straight line to the
logarithmically transformed and binned periodogram as discussed in Pa-
padakis & Lawrence (1993). This approach reduces the scatter in the pe-
riodogram and thus reduces the effect of outliers on the ﬁtting. However,
taking logarithm also introduces a bias to the power of the periodogram
that can be removed by adding a constant 0.25068 (Vaughan 2005) to ob-
tain the ﬁnal binned logarithmic periodogram. The binned logarithmic pe-
riodogram is normally distributed within each geometric mean frequency
bin.
As long as the light curves are evenly sampled, the underlying PSD of
the light curve can be estimated by ﬁtting a power-law to the periodogram,
or by ﬁtting a straight line to the periodogram in logarithmic scale. How-
ever, owing to the uneven sampling in most cases, an additional bias con-
tributes to the periodogram. Due to the ﬁnite length of the observed light
curve, power from longer than observed time-scales leaks into the shorter
time-scales and distorts the observed PSD. This process is called red-noise
leak. On the other hand, uneven sampling of the light curve causes varia-
tions on time-scales down to the resolution of the observed light curve by
aliasing. The power above fNyq which is aliased to frequencies below fNyq
makes the observed periodogram distorted.
Due to these added uncertainties in an unevenly sampled light curve, a
variant of the Power Spectral Response method proposed by Uttley et al.
(2002) for estimating the PSD is discussed here. This method involves
the simulation of light curves for a set of model parameters, followed by
the estimation of the periodogram for every simulated light curve and
then averaging them and, ﬁnally, determining the best-ﬁtting PSD from
a goodness of ﬁt. The method is discussed in detail in the following sub-
sections.
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3.1.1 Estimation of the Periodogram for unevenly sampled light
curve
To estimate the periodogram, every light curve ({tk, x(tk)} for k = 1,2,. . . ,N )
is initially binned in time intervals ΔTbin, by taking the weighted mean
of all points within each bin. Any missing data points in the binned light
curve can be linearly interpolated. The computation of the periodogram
is a product of a window function, w(t), and the observed light curve.
The window function is equal to one when there is an observation and
zero otherwise. Thus, for an evenly sampled light curve, this poses no
threat to the periodogram unlike when the light curve is unevenly sam-
pled. To tackle the impact of red-noise leak on the binned light curve,
Max-Moerbeck et al. (2014b) recently proposed an approach by convolv-
ing the binned light curve with a Hanning window function of the form
wHanning(t) =
⎧⎪⎨
⎪⎩
0.5(1− cos(2π tT )), 0 ≤ t ≤ T
0, otherwise.
(3.4)
At this stage, the light curve will be evenly sampled. The periodogram
can then be computed using the equation (3.3). The ﬁnal observed pe-
riodogram, Pobs(f), can be obtained by logarithmically transforming and
binning the periodogram while also accounting for the bias.
3.1.2 Simulating Light Curves
To simulate an AGN light curve, a power spectral model such as a power-
law, is chosen to test against the data. The normalisation of the model
power spectrum is a multiplicative factor that is carried through any con-
volution with the window function (i.e. only the power spectral shape is
distorted by sampling).
The effect of red-noise leak can be taken into account by simulating light
curves at least 100 times longer than the observed light curve. The im-
pact of aliasing can be accounted for by simulating light curve with time
resolution higher than the observed. Hence, throughout this thesis, the
sampling time, ΔTsamp, was considered to be 10 per cent of the original
estimate. The light curve simulated with this sampling time can be re-
sampled by considering only those measurements at times identical to
the observed ones. Thus, the factor 10 per cent used here was sufﬁcient to
introduce uneven sampling by obviating the need to extrapolate the data,
which would have been necessary for any factor higher than 10 per cent.
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Although the resolution can be improved by lowering the factor it doesn’t
affect the resampled light curve other than the sunk costs of computation
by being time-consuming and memory-intensive.
Taking into account the ramiﬁcations of the PSD estimation discussed
above, N light curves (with N at least being 100), assuming to be dis-
tributed as a power-law can, be simulated using the method proposed by
Emmanoulopoulos et al. (2013, hereafter EMP13). The widely used al-
gorithm of Timmer & Koenig (1995, hereafter TK95) for simulating light
curves is appropriate for the production of Gaussian light curves. Since
the distributions of most of the light curves are far from being Gaus-
sian, especially in the X-rays and γ rays, light curves simulated using
the method by TK95 may not be appropriate for the establishment of con-
ﬁdence intervals for the PSD and cross-correlation studies. The method
by EMP13 involves the combination of the routine by TK95 and the it-
erative amplitude adjusted Fourier transform algorithm by Schreiber &
Schmitz (1996), producing light curves possessing exactly the PSD and
the probability density function (PDF) as the observed light curve. The
simulation of light curve using the EMP13 method is as follows:
(i) As the ﬁrst step, a Gaussian distributed light curve, xnorm(t), of
length N with an underlying PSD of slope α is produced using the
TK95 procedure. The amplitude (Anorm(j)) and phase (φnorm(j)) of
xnorm(t) is obtained through the DFT, DFTnorm(j).
(ii) To account for the distribution of the original light curve, N pseudo-
random numbers, xsim,1(t), is produced from the PDF [0 ≤ xobs(t) < ∞].
Similar to the step above, the corresponding amplitudes, Asim,1(j),
and phases, φsim,1(j), at each Fourier frequency fj , through the DFT
of xsim,1(t) can be obtained.
(iii) Spectral adjustment: Having generated two surrogate data, one
can perform phase randomisation to obtain an adjusted DFT of xsim,1(t),
DFTsim.adjust,1(j), by replacing the amplitudes,Asim,1(j)withAnorm(j)
at each frequency fj , while keeping the phases φsim,1(j) unaltered. In
order to obtain a surrogate data with underlying PSD to those used
in step (i), an inverse DFT should be performed on DFTsim.adjust,1(j),
thus yielding xsim,adjust,1(t). This step is similar to using a ﬁlter in
the frequency domain. At this point, xsim,adjust,1(t) is scaled and stan-
dardised based on the statistical moments such as the mean and
variance of the observed data.
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Input parameters
PSD
step i
xnorm(t)
DFTnorm(j)
Anorm(j) φnorm(j)
PDF
step ii
xsim,k(t)
k = 1
DFTsim,k(j)
Asim,k(j) φsim,k(j)
DFTadjust.sim,k(j)
step iii
xsim,adjust,k(t)
IDFT
xsim,k+1(t)
Ranking
Convergence
xsim,λ(t)
Yes
No
step iv
step v
Figure 3.1. Flowchart showing the various steps for the simulation of a light curve from
Emmanoulopoulos et al. (2013).
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(iv) Amplitude adjustment: Since the surrogate data generated in the
step above has its PDF altered from those that was generated in step
(ii), xsim,1(t) should be sorted based on the ranking of xsim.adjust,1(t).
This replaces the highest value of xsim.adjust,1(t) by the highest value
of xsim,1(t) and so on, while also ensuring the desired PDF of the
surrogate data. The caveat here is that the PSD is modiﬁed from
those of step (iii).
(v) To ensure the amplitude adjusted surrogate data to have the desired
PSD and PDF, they are scaled and standardised. The above steps are
then iterated from step (ii) with a modiﬁcation of using the ampli-
tude adjusted data as xsim,1(t). The ﬁnal simulated data is obtained
only when there is a convergence such that xsim,k+1(t) ≡ xsim,k(t).
The ﬂowchart of the EMP13 method is shown in Figure 3.1. For more
information on the method see Emmanoulopoulos et al. (2013).
Choice of Cumulative Distribution over Probability Density Function: In
the EMP13 algorithm, the random numbers are generated from the best-
ﬁtting PDF of the data, which is used during the amplitude adjustment
stage. However, estimating the PDF of the data is not quite straight-
forward owing to the unknown number of modes present in the data. If
one uses a histogram, one needs to choose the bin width and the starting
point for the ﬁrst bin. If one uses the kernel density estimation, one needs
to select the kernel shape and bandwidth. Hence, to circumvent all the
problems of obtaining a PDF, the cumulative distribution function (CDF)
can be considered. The CDF has a simple non-parametric estimator that
needs no choices to be made – the empirical distribution function. There-
fore, random numbers can be generated using the CDF of the observed
data. It is always better to conﬁrm if the distribution of the generated
random numbers agrees with those of the observed data by using, for ex-
ample, a two-sample Kolmogorov-Smirnov test.
Finally, the simulated data can be normalised to the mean and variance
of the observed light curve.
3.1.3 Goodness of ﬁt
The simulated data is then resampled to the sampling pattern of the
observed light curve. The Gaussian noise with zero mean and variance
matching those of the observations, for radio to optical light curves, are
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Figure 3.2. Three staged PSD analysis. Top-panel: Probability versus PSD. Mid-panel:
PSD of observed light curve in solid line and those corresponding to the best-
ﬁtting PSD slope in circles with error bars. Bottom-panel: Distribution of
PSD slope obtained from simulated light curves with best-ﬁtting PSD slope;
target PSD slope in solid line and 1σ conﬁdence intervals in dashed lines.
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added to the resampled light curves. For any photon counting experi-
ments such as at X-rays and γ rays, Poisson noise based on the bin width
is added. The relation to the Poisson noise is according to the following
equation
LCsim(ti) ∼ Pois[μ = LCsim(ti)Δt]
Δt
for i = 1, . . . , N (3.5)
where Pois[μ] corresponds to Poisson random number with a mean value
of LCsim(ti)Δt. The tacit assumption of Gaussian distributed light curves
after the resampling stage is common in many ﬁelds of astronomy. For
such assumptions to be valid, one requires a signiﬁcant number of points
in a bin. However, it should be remembered that there is no straight-
forward conversion of a discrete distribution (e.g. Poisson) to the contin-
uous one (e.g. normal). Hence, adding Poisson noise to data at X-rays
and γ rays are more appropriate. The resampled light curve is then sub-
jected to the same procedure as employed to the observed light curve –
binning with empty bins interpolated. The periodogram of the resulting
light curve is then obtained using equation (3.3), and are subjected to
the log-transformation and binning with bias correction. Thus for every
simulated light curve a periodogram can be obtained. The binned loga-
rithm periodograms are then averaged to obtain the model averaged pe-
riodogram, Psim(f), and the spread about the mean is also calculated and
taken as the error in the power at each frequency, ΔPsim(f).
After obtaining the model periodogram, a χ2dist statistic as deﬁned by
Uttley et al. (2002) can be calculated from the model and observed peri-
odogram, Pobs(f) with the following equation
χ2dist =
fmax∑
f=fmin
[Psim(f)− Pobs(f)]2
ΔPsim(f)2
. (3.6)
This step is followed by estimating the χ2dist between the model and ev-
ery simulated periodogram by replacing the Pobs(f) with Psim,i(f) (where
i = 1,2,. . . ,1000) in equation (3.6). The goodness of ﬁt is given by the per-
centile of χ2dist distribution from simulation that exceeds the observed χ
2
dist
estimate.
The entire process from simulating light curves to estimating the good-
ness of ﬁt should be tested for a range of PSD values. The best-ﬁtting
PSD value corresponds to the one with the highest goodness of ﬁt. To esti-
mate the conﬁdence intervals for this PSD value, one can simulate N light
curves using the EMP13 approach as discussed above, obtain their binned
logarithm periodogram and estimate the PSD slope for each periodogram
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by linear least squares method. The conﬁdence interval can be obtained
directly from the distribution of PSD slope. The results obtained from the
whole chain is shown in the Figure 3.2.
3.2 Cross-correlation
To understand the variability and to probe the continuum emission mech-
anism of AGN, the cross-correlation function is employed. For evenly
sampled light curves, the classical correlation function by Oppenheim &
Schafer (1975) can be used. However, owing to various technical issues
and seasonal gaps most of the light curves are unevenly sampled. To
handle this problem, three variants of the classical function exist in lit-
erature – the Interpolated cross-correlation function (Gaskell & Peterson
1987), the discrete correlation function (DCF; Edelson & Krolik 1988) and
the z-transformed discrete correlation function (Alexander 2013). Due to
the unevenly sampled light curves used throughout this thesis, only DCF
is considered. The DCF is estimated from the relation
DCFij =
(ai − a¯)(bj − b¯)
σaσb
. (3.7)
where ai, bj are the observed ﬂuxes at times ti and tj and a¯, b¯, σa and σb
are the means and standard deviations of the entire light curves. At this
step, DCFij are binned by their associated time lag, τij = ti− tj into equal
width bins. The average of the bins yields the DCF(τ ).
The normalisation (mean and standard deviation of respective light curves)
used in the estimation of the DCF(τ ) assumes that the light curves are sta-
tistically stationary. Under this assumption, the DCF sometimes can ex-
ceed unity (DCF(τ) > 1) making the interpretation difﬁcult. A workaround
for this problem is to estimate the mean and standard deviation only from
the points that overlap at a given time lag bin (cf. White & Peterson 1994;
Welsh 1999). Thus, with this local normalisation the resultant DCF is
bound to the [−1,+1] interval. A positive DCF(τ ) implies a correlated
variability and an anti-correlation when it is negative. The uncertainties
of the DCF can be estimated by a model-independent Monte Carlo method
(Peterson et al. 1998) that accounts for the effects of measurement noise
and data sampling. This method consists of a bootstrap selection of a sub-
sample of data points from each light curve to which Gaussian noise with
a standard deviation matching the observational error bars is added. The
time lags can be estimated from the peak of the cross-correlation or by
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ﬁtting a Gaussian function to the DCF peak. Alexander (2013) describes
an algorithm, PLIKE, that estimates the maximum likelihood of the DCF
points. According to this method, the maximum likelihood estimate coin-
cides with the peak of the cross-correlation. The ﬁducial interval is then
estimated by interpolating between the points of the likelihood function
(see Alexander 2013).
3.3 Signiﬁcance of the Correlation
The factors affecting the correlations are stochastic nature of the variabil-
ity, data sampling and measurement errors. Also, the frequent appear-
ance of ﬂares means that high correlation coefﬁcients between any two
wavebands are to be expected even in the absence of any physical relation
between the processes responsible for their production. Hence, the statis-
tical signiﬁcance of the DCF can be investigated by Monte Carlo simula-
tions, in turn, estimating the probability if chance correlations primarily
limit the observed correlation. The widely followed procedure to estimate
the signiﬁcance is by the cross-correlation of simulated light curves with
power-law power spectral densities (PSD ∝ f−α). In addition to this, two
methods have been proposed recently by Fuhrmann et al. (2014), where
the signiﬁcance of the cross-correlation is quantiﬁed using mixed source
correlations and stacking analysis.
3.3.1 Correlation of simulated light curves
The AGN light curves, in general, can be modelled by red-noise power
spectra showing variability at all time scales, e.g. Hufnagel & Bregman
(1992) in the radio and optical, Lawrence & Papadakis (1993) in the X-
rays, and Abdo et al. (2010c) in γ rays. Hence to construct the signiﬁcance
level of the cross-correlations, the following steps can be implemented:
(i) Simulate N light curves using the algorithm by EMP13 for both the
wavebands under study. Add Gaussian or Poisson noise to the sim-
ulated light curve depending on the frequency.
(ii) Cross-correlate every simulated light curve at one band with those
at the other similar to the observed light curves as discussed in Sec-
tion 3.2.
(iii) This yields a distribution of the cross-correlation coefﬁcients for each
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time lag bin. The signiﬁcance level can then be estimated for each
distribution based on Gaussian probability, such as 68.27 per cent
(1σ), 95.45 per cent (2σ) and 99.73 per cent (3σ).
3.3.2 Mixed source correlations
The signiﬁcance levels of the cross-correlation under this context is esti-
mated by cross-correlating all sources with possible combinations from
the source sample excluding the source under study. For example, a
source list with ten sources can yield 81 cross-correlations by excluding
the source of interest. The cross-correlations are performed similar to
that described in Section 3.2. The signiﬁcance levels can be estimated
just as mentioned in step (iii) of Section 3.3.1. This approach of using ev-
ery source in the sample instead of simulating light curves is done under
the assumption that the ﬂares exhibited by the source at different fre-
quencies are physically unrelated. It is similar to the method where light
curves are simulated over a range of PSDs under the assumption that
all the sources exhibit similar variability properties, i.e. characterised
by red-noise PSDs (e.g. Agudo et al. 2011a,b; Schinzel et al. 2011). This
also assumes that the light curves are sampled in the same way, which is
strictly not true in the case of radio and optical observations.
3.3.3 Stacking the correlations
Unless the variations at both wavebands under study correlate with a
certain time lag, there will be no signiﬁcant detection in the correla-
tion. Hence, to improve the sensitivity for the detection of correlations,
Fuhrmann et al. (2014) proposed the method of stacking or averaging the
correlations obtained from the whole source sample. The stacking could
also be performed on those light curves that have been normalised by di-
viding with the mean.
To estimate the signiﬁcance of the stacked correlations, the mixed source
correlations, discussed in Section 3.3.2, are more ideal than correlation
of simulated light curves. In addition to estimating the time lag from
the peak (observer’s frame), one can always estimate the time lag in the
source’s frame by scaling the time values with a factor of 1/(1+z).
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3.4 Bayesian Blocks
The Bayesian Block algorithm characterises the variability in time series
data (Scargle et al. 2013). The algorithm ﬁnds and constrains the best par-
tition of the observation interval into blocks, such that the source inten-
sity is modelled as varying from one block to another, but constant within
each block. Every block is the weighted mean estimate of the source in-
tensity.
The location of the transitions between blocks is determined by opti-
mising a ﬁtness function for the partitions. In turn, it globally optimises
the multiple change-point problems. In time series, a point at which a
statistical model undergoes an abrupt transition, by one or more of its
parameters jumping instantaneously to a new value, is called a “change
point”. To initiate the algorithm, one has to provide a prior value for the
number of change points, ncp_prior, and also an estimate for the false
positive rate1, p0.
The three ﬁtness functions that can be used with the Bayesian blocks
are discussed as follows. For more discussion on the topic and derivation
of the equations, see Scargle et al. (2013).
(a) Event Data: This block ﬁtness targets the times from discrete events
where it associates every event with one data cell. Thus, for photon
counting experiments, this block model is applicable as it partitions
a block based on the arrival time of photons. The ﬁtness function,
in this case, is the logarithm of the maximum likelihood given in
equation (3.8), where N (k) is the number of events in block k and
T (k) is the length of the block. The formula for ncp_prior given in
equation (3.9) was obtained from the simulation of signal-free obser-
vational noise.
logL(k)max +N
(k) = N (k)(logN (k) − log T (k)) (3.8)
ncp_prior = 4− 73.53p0N−0.478. (3.9)
(b) Binned Event Data: This ﬁtness function is appropriate for an
event detector accumulating counts over time. Unlike the above
function, the counts bin can have arbitrary gaps. The block ﬁtness
function is given in equation (3.10), where λ is the true event rate
and w(k) is the sum of bin efﬁciencies in the block. The ncp_prior
1The probability of falsely reporting detection of a change point, similar to the
value of alpha used in signiﬁcance tests.
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formula given in equation (3.11) was obtained for independently dis-
tributed events from a simulation study.
logL(k) = N (k) log λ− λw(k) (3.10)
ncp_prior = − log(γ). (3.11)
(c) Point Measurements: A common aspect of measuring a signal at
a sequence of times is to characterise its time dependence. In such
cases, corruption due to measurement errors result from problems
with the observating instrument, weather issues, and others. As-
suming the observational errors are distributed normally with zero
mean and given variance, this block ﬁtness will be applicable for
observations in the radio and optical wavebands. The logarithm of
the ﬁtness function to maximise is given in equation (3.12), where
xn and σn are the signal and observational errors, respectively. The
formula for ncp_prior given in equation (3.13) was obtained from
simulations for normally distributed point measurements.
logL(k)max = b
2
k/4ak
ak =
1
2
∑
n
1
σ2n
bk = −
∑
n
xn
σ2n
(3.12)
ncp_prior = 1.32 + 0.577 log10(N). (3.13)
Apart from using the ncp_prior formulae for the three cases discussed
above, an iterative approach suggested by Scargle et al. (2013) can also
be used. This method attempts to balance the dependence of the number
of change points on the false positive threshold. The result will be more
conservative due to the control over false positive rate.
Throughout this thesis, a false positive threshold of 1 per cent and the
iterative method for the prior on the number of blocks was adopted. For
the 37 GHz and 95 GHz radio and optical light curves, the point mea-
surements ﬁtness function was adopted. For the γ rays, the ﬁtness func-
tion event data was used, for which the arrival time of photons were ex-
tracted from a region of 0◦.5 radius centred on the source’s coordinates.
We resorted to the ﬁtness function of binned event data for cases when
the Bayesian blocks computation using the arrival time of photons was
computationally intensive.
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4. Correlated variability in Fermi /LAT
blazars
The high sensitivity and unprecedented detection in the γ rays by Fermi /LAT
along with its uniform time coverage has now made it possible to study
the physics of blazar emission mechanisms in detail. This chapter dis-
cusses the results from the study of the correlated variability in bright
Fermi /LAT blazars.
4.1 Radio/Gamma-ray Connection
The measure of time variability can be a useful probe in understanding
various emission processes in blazars. With this motive in mind, the cross-
correlation analysis was performed on 55 blazars in the γ rays with the
37 GHz Metsähovi radio data in Publication II. The sources were chosen
such that the 37 GHz mean ﬂux density was above 1 Jy for the time pe-
riod 2008.6–2013.6 that encompasses the ﬁrst ﬁve years of Fermi /LAT
observations.
4.1.1 Results from PSD analysis
To characterise the variability time-scale of the sources, PSD slopes at
radio and γ rays were estimated following the method discussed in Sec-
tion 3.1. To take the noise processes into account properly, a long time
series would be highly beneﬁcial. Hence, for most of the sources, over
20 years of Metsähovi data was used for the PSD estimation at the ra-
dio frequency. By taking into account the goodness of ﬁt obtained from
Monte Carlo simulations (see Section 3.1), only those sources with proba-
bility (corresponds to the percentile of χ2dist from simulation that exceeds
the observed) higher than 0.05 were accepted. In turn, PSD slopes for
51 and 48 sources were obtained in radio and γ-ray frequencies, respec-
tively. The PSD slopes for blazars are thought to be simple power-laws,
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with slopes between −1 and −2 corresponding to red noise processes. In
an astronomical time series this noise process reﬂects on the presence of
large amplitude variations in longer rather than in short time-scales. In
the frequency domain this shows that with any increase in frequency the
PSD decreases. In our analysis, the average PSD slopes in radio and in
γ rays were 2.1 and 1.2, respectively. The accepted PSD slopes for all the
sources at both wavebands are shown in Table 1 of Publication II. The
results indicates that the long-term variability dominates the radio light
curves, while in the γ rays the short-term variations are more pronounced.
4.1.2 Cross-correlation results
In an attempt to search for correlated variability in radio and γ rays, the
cross-correlation was performed using the DCF with local normalisation.
Since sampling of the light curves has a major inﬂuence on the DCF peak,
the cross-correlation of radio was performed with weekly and monthly
binned γ-ray light curves. In Section 3.2, two methods for estimating the
signiﬁcance of the correlations were discussed: simulating light curves
(hereafter Method 1) and mixed source correlations (hereafter Method 2).
The correlation results from the perspective of both these methods were
inspected and can be summarised as follows:
(a) Method 1: The cross-correlation of weekly binned γ-ray and radio
light curves yielded 23 and 10 sources at 2σ and 3σ levels, respec-
tively. Using monthly binned light curves, 23 and 13 sources were
found at a signiﬁcance of 2σ and 3σ levels.
(b) Method 2: The number of sources signiﬁcant at 2σ and 3σ levels
were 38 and 6 for the weekly binned light curves. For the monthly
binned, 30 and 6 sources were found at 2σ and 3σ, respectively.
From the results discussed above, it is evident that the number of sources
are not signiﬁcantly different when it comes to sampling, but it does dif-
fer by using the two methods. Hence, to overcome this ambiguity, only
those sources signiﬁcant in both the methods were considered as cor-
related ones. Another constraint was set based on chance probability,
such that at least one source would be signiﬁcantly correlated by chance.
Hence, this threshold was set at a 2.36σ level based on the total number of
sources in the sample (i.e. 54/55 = 98.18 per cent). In the end, the number
of signiﬁcant correlations were brought down to 20 and 23 sources from
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Figure 4.1. Top: Weekly-binned γ-ray (Top-panel) and radio (bottom-panel) light curves
of the source 4C 38.41 from Publication II. Bayesian block representation is
plotted in the red line over the light curve. Bottom: DCF of the light curves
shown on top. The signiﬁcance levels are plotted as red (1σ), green (2σ) and
blue (3σ) dotted lines.
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weekly and monthly binned light curves. The results are shown in Ta-
ble 2 of Publication II. The time lags were in the range of −850–690 days,
where a negative sign implies the emission in radio leading the γ rays
and vice versa for the positive sign. The radio/γ-ray light curve and the
cross-correlation of the source 4C 38.41 is shown in Figure 4.1.
As mentioned in Section 3.3.3 to improve the sensitivity of detecting sig-
niﬁcant correlations, the stacking method was employed. All 55 sources
were thus cross-correlated and averaged. The stacking was also made
based on source class, i.e. FSRQs and BLOs. The signiﬁcance of the
stacked correlations were estimated with mixed source correlations. Here-
again, the stacking was done using both weekly and monthly binned γ-ray
light curves. The results were 80 and 120 days, respectively. In the source
frame, these results reduced to 47 and 70 days. All these results were
signiﬁcant at 3σ level.
4.1.3 Bayesian Blocks
To characterise the variability at both the radio and γ rays, the Bayesian
blocks algorithm (discussed in Section 3.4) was implemented. The algo-
rithm partitions the light curves into blocks, each characterised by ﬂux
and duration. The radio and γ-ray light curve of the source 4C 38.41
along with the Bayesian blocks is shown in Figure 4.1. The variability
of a source is represented by the number of blocks. Thus, through Fig-
ure 4.2, it can be understood that on average the correlated sources have
more blocks, and thus are more variable than its uncorrelated counter-
part.
4.2 Multifrequency Correlations
The search for correlated variability was extended in Publication III with
the use of high-frequency radio (95 GHz CARMA observations) and R-
band optical data alongside the Metsähovi 37 GHz and Fermi /LAT data.
A total of 15 sources were selected for this work for the time period from
2012 August 1 to 2014 November 15.
4.2.1 Results from PSD analysis
The PSD slopes for the 95 GHz and R-band data were estimated following
a similar approach implemented in Section 4.1.1. All 15 sources at 95 GHz
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Figure 4.2. Scatter and boxplots for radio vs γ-ray for correlated and uncorrelated
sources with number of Bayesian blocks from Publication II. The box com-
prises 75 per cent of the distribution of data with plus symbols denoting the
outliers in the boxplots. The median of the distribution is denoted by a solid
line in the box. The scaling of the boxplots are similar to the scatter plot.
and 9 sources in the R-band had acceptable PSD slopes with their respec-
tive probabilities higher than 0.05. The average PSD slopes at 95 GHz
and R-band were 2.0 and 1.6, respectively. On comparison to those ob-
tained at 37 GHz and γ-rays, the PSD slopes were found to decrease with
increasing frequency. The PSD slopes at 95 GHz and R-band are given in
Table 1 of Publication III.
4.2.2 Cross-correlation analysis
The light curves at four different wavebands were cross-correlated in a
manner similar to the procedure used in Publication II. In the millimetre
band (i.e. 37 and 95 GHz), eleven sources showed a signiﬁcant correlation
at a level of 99 per cent, and in optical and γ-ray correlation six sources
were signiﬁcant. All other correlations had less than ﬁve sources with
signiﬁcant correlation. The multifrequency light curve of 1510–089 along
with all possible cross-correlations are shown in Figure 4.3.
4.3 Discussion
According to current theoretical models at distances1 pc, γ-ray emission
is produced by an ICS mechanism with the seed photons arising either
from external radiations that are dominated by the infrared thermal ra-
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Figure 4.3. Multifrequency light curve of the source 1510-089 is shown on the left, with
γ rays to radio from top to bottom. The cross-correlations of the light curves
are shown on the right. The grey dotted line in the DCF corresponds to a
99 per cent signiﬁcance level. This is taken from Publication III.
diation emitted by the hot dust (Błaz˙ejowski et al. 2000) or from the rela-
tivistic jet producing the synchrotron radiation. Modelling the SED of the
high-energy emission in FSRQs suggests the EIC dominance while those
for BL Lacs favours the SSC mechanism (e.g. Abdo et al. 2010b; Böttcher
et al. 2013). Recent observational evidence on 3C 454.3 by León-Tavares
et al. (2013) shed light on the theory of outﬂowing BLR (see León-Tavares
et al. 2011). According to this notion, the relativistic jet as it propagates
downstream drags with it the BLR material serving as an alternative
source of seed photons for the IC scattering. In such cases, the BLR
emission-line variability can be powered by the non-thermal continuum
emission of the jet.
Depending on the physics of the jet, the cross-frequency time delays
from the DCF relate to the relative locations of the emission regions at
different wavebands. The distance travelled by the emission region can
be obtained from equation (4.1), where Δtobs is the observed time delay
d =
βappcΔt
obs
sin θ(1 + z)
(4.1)
In Publication II, the averaged estimate for the distance travelled from
the radio/γ-ray connection was ∼7 pc in the observer’s frame. From the
averaged viewing angle and the redshift of the sample, the projected dis-
tance was ∼0.7 pc (0.08 mas). The average size of the radio core for the
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sample in Publication II was 0.1±0.02 mas, based on the multi-epoch
VLBA observations reported in Jorstad et al. (2001a). These results sug-
gest the γ-ray emission region to be co-spatial with the radio core. This
causal connection is in agreement with the result obtained from the Bayesian
blocks, which claims that the onset of the radio and γ-ray ﬂares in most
sources are quasi-simultaneous. This ﬁnding is similar to those reported
in Lähteenmäki & Valtaoja (2003) and León-Tavares et al. (2011).
The time lags obtained from all cross-correlations in Publication III
shows a frequency dependence with the time lags decreasing with increas-
ing frequency. This is in agreement with synchrotron self-absorption ef-
fects, which is also described ﬁguratively in Publication III and in Fuhrmann
et al. (2014). The connection between various bands found in Publica-
tion III can be summarised as follows:
(a) Millimetre connection: The variations in the millimetre bands
of most sources are simultaneous resulting in a near-zero time de-
lay in cross-correlation analysis. According to opacity arguments
in frequency dependent time lags, the emission at higher frequency
leads those at lower frequency. However, the near-zero time delay
obtained in most of the sources indicates that the opacity at 37 GHz
and 95 GHz is similar.
(b) Optical and γ-ray connection: The time delay from the optical
and γ-ray correlation show that the optical leads the γ rays in one
source, and the vice versa for three sources. A zero-time delay was
obtained in two sources implying a co-spatialty of the two emission
regions.
(c) Millimetre and γ-ray connection: In the millimetre and γ-ray
cross-correlations very few sources showed signiﬁcant correlation.
Apart from the short time span of the light curves, the presence
of an increasing/decreasing trend in the millimetre light curves are
surmised to have greater impact on producing a statistically signif-
icant correlation. Also the absence of any major outburst in either
bands in most sources can hamper the result.
(d) Millimetre and optical connection: Owing to the sparsely sam-
pled optical data relative to those in the millimetre, and the presence
of seasonal gaps in the optical light curves no tighter constraint can
be placed on the physics of this connection. Although three sources
showed a signiﬁcant correlation in this analysis.
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The time delays reported in Publications II and III can be approached
from the perspective of shock-shock interaction, where the effects due to
light-travel delays and frequency stratiﬁcation play a major role. It was
recently pointed out by Nalewajko et al. (2014), that the high-energy emis-
sion region cannot be constrained merely based on a temporal coincidence
between the radio/γ-ray ﬂares. The authors using the light-travel argu-
ment proposed that a Γ > 50 would be required to place the γ-ray emission
region to the parsec-scale jet. This statement is valid only for long time
delays and can be turned down based on the correspondence of the start
time of both radio and γ-ray activity in Publication II.
From the fractional variability of the sources in Publications II and III,
the γ rays are considered to be more variable than light curves in other
bands. The fractional variability is found to decrease with increasing time
lags as discussed in Publication III. Thus, for luminous blazars a tighter
constraint on the physics of the high-energy emission mechanism can be
set from the time variability analysis. In general, for symmetric ﬂares
in optical with a lack of optical/radio correlation, the high-energy emis-
sion region can be situated closer to the black hole since the seed photon
ﬁeld from the torus is expected to be constant, unlike those photons from
the shocked regions in the SSC model. In cases where the γ-ray emis-
sion is characterised by the optical synchrotron photons, the variability
time-scale of the emission at both wavebands are expected to be the same.
However, the PSD slopes of some sources are relatively ﬂatter in the γ
rays compared to the optical. This could possibly imply a compact emis-
sion region within the jet or a turbulent jet ﬂow (e.g. Ghisellini & Tavec-
chio 2008; Marscher 2014).
In Publication V the radio and γ-ray connection in the BLO Mrk 421 was
studied. The γ-ray ﬂare in 2012 and 2013 was modelled under a single-
zone emission model. Under the one-zone SSC hypothesis, the 2013 γ-
ray ﬂare was considered to be produced from an instantaneous electron
injection, while the width of the radio ﬂare was related to the cooling time
of the electrons. The radio ﬂare in 2012 was associated with the double
peaked γ-ray ﬂare, and was reproduced with a varying Doppler factor in
one case and an increased magnetic ﬁeld strength in the other. Both the
γ-ray ﬂares in 2012 and 2013 preceded the radio ones by ∼60 days.
The radio to γ-ray behaviour of the FSRQ OJ 248 was studied in Pub-
lication VI. The correlated variability of the 2012 outburst across radio,
optical, X-ray and γ-ray bands were studied. A signiﬁcant correlation was
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reported between all possible pairs of light curves, with the exception of
37 GHz that showed less pronounced outburst in 2012. A similar ﬁnd-
ing was obtained in Publication II. A co-spatial origin of the X-ray and
millimetre emission was also suggested from the zero-time delay in cross-
correlations.
The results in both Publications II and III shows that more than 50 per
cent of the sources are uncorrelated. Apart from the sparse sampling, the
possible reason is the so-called “orphan” activity, with the lack of emis-
sion in either the lower or higher frequency. The possible cause of a γ-ray
activity with no radio counterpart has been attributed to the hadronic pro-
cesses (Böttcher 2007). In the case of an orphan optical ﬂare it is possibile
that the evolution of shocks is disrupted due to radiative losses, in turn
dissipating energy rapidly (Marscher & Gear 1985). Activity observed
only in the radio frequencies could be due to the complex shock structure
and shock interactions that are required for producing the high-energy
activity (Aller et al. 2014). According to the Turbulent Extreme Multi-
Zone model (Marscher 2014), orphan ﬂares are due to the combined effects
of the modulation in the magnetic ﬁeld and electron energy distribution
across different turbulent cells and light-travel delay.
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5. Case study: 1156+295
The source 1156+295 is a FSRQ at redshift, z = 0.729. It displays strong
variability across the electromagnetic spectrum with an active phase in
the γ rays during the year 2010. Hence, to study the ﬂaring behaviour and
to determine the γ-ray emission region in the source, a multifrequency
analysis was performed in Publication I. The data from radio through γ-
rays were obtained from different observatories as detailed in Chapter 2.
Apart from the single-dish radio observations, 43 GHz VLBA data was
also used to study the kinematics of the jet.
The multifrequency light curve of the source is shown in Figure 5.1.
The γ-ray light curve is characterised by a large intensity ﬂare coupled
with minor intensity variations for more than three months in 2010 be-
fore returning to a quiescent state. Flare B, with a peak ﬂux of 1.4× 10−6
photons cm−1 s−1, is the brightest event observed in the γ-ray light curve.
Another prominent activity was observed towards the end of 2011. The
active phase in γ rays was characterised with Bayesian blocks. The vari-
ability time-scales of the ﬂares are in the range of 8–15 days. In the optical
wavebands the source was ﬂaring roughly on a yearly basis, but owing to
the gaps due to solar conjuncture the data was not much useful to the
analysis. At millimetre wavelengths the source exhibited two character-
istic exponential ﬂares.
The morphology of the blazar jet from 43 GHz VLBA observations reveal
four moving (C1, C2, C3 and C4), and one stationary (S1), component (Fig-
ure 5.2). The moving components were modelled with a polynomial (ﬁrst
order for C1, C2, and C3; second order for C4), which yields the proper
motion (slope of the ﬁt) and the ejection epoch of the components (de-
termined by back-extrapolating the ﬁtted linear trajectory). The physical
parameters – βapp, δ, Γ, and θ – of the moving components were estimated.
The cross-correlation of the VLBA core with the γ-ray light curve showed
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Figure 5.1. Multifrequency light curve of 1156+295 from 2007 through 2011 taken from
Publication I. From the top: (1) weekly binned γ-ray ﬂux from Fermi /LAT at
0.1–200 GeV; 2σ upper limits are denoted as inverted red triangles. (2) Pho-
ton Index of the weekly binned γ-ray light curve; the dashed line represents
the 2FGL photon index estimate. (3) Swift/XRT X-ray ﬂux at 0.3–10 keV. (4)
Optical data at various bands. The gaps in the optical data are due to solar
conjuncture. (5) Variations at millimetre wavelengths in the bottom panel.
The vertical lines are the ejection epochs of the components C2 (2008.74),
C3 (2010.12) and C4 (2010.31) obtained from the VLBA data with their 1σ
uncertainties denoted by the corresponding shaded interval.
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Figure 5.2. Component separation from the 43 GHz radio core versus time in 1156+295.
Four moving components (C1, C2, C3, and C4) and one stationary component
(S1) are identiﬁed in the jet. The solid lines indicate motion with no accelera-
tion while the dotted lines indicate accelerated motion ﬁts. This plot is taken
from Publication I.
a peak at −120 days with the core leading the γ-ray at a 2σ signiﬁcance
level. The result had to be handled with caution since the DCF peak
was broad with the peak also extending to the positive time lag. The
cross-correlation of the 37 GHz light curve with the monthly binned γ-
ray in Publication II resulted in the radio emission lagging the γ rays by
25 days. The DCF peak obtained, in this case, had a conﬁdence interval
of [11, 92] days. Therefore, on comparing the cross-correlation results in
Publications I and II, the variability at radio and γ rays can be understood
to have different time-scales: a year-long activity period in the radio while
variability on daily or weekly time-scales in γ rays.
The disparity of the two results discussed above could imply superposi-
tion of multiple events in the radio light curves. The radio peak remains
at ∼3 Jy for more than ﬁve months before it starts to decay. A similar
trait is also seen from the VLBA radio core ﬂux around the same time,
however, with two distinct ﬂux maxima in 2010. This can be tied to the
ejection of components C3 and C4. The ejection epoch of these components
correspond to the beginning of strong γ-ray activity (see Figure 5.1).
Based on the theory of moving shocks (discussed in section 1.3) C4 can
be classiﬁed as a trailing shock forming in the wake of the leading com-
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ponent, C3. According to the simulation of Agudo et al. (2001), trailing
shocks represent pinch waves excited by the main disturbance, which per-
vades the expanding jet accelerating to superluminal speeds. In line with
the last statement, C4 after propagating over ∼0.2 mas accelerates, in-
creasing its apparent speed to 23.2c (Figure 5.2). The split of C4 from C3
toward the end of 2010 coincides with the γ-ray ﬂare C.
The ﬂux density evolution of C4 shows considerable variability that
could be due to the interaction with S1 (formed by early 2010) at about
0.4 mas around 2011.5. The time of this interaction coincides with the
sub-ﬂare D in the γ rays, which constrains the emission region of this sub-
ﬂare 4 pc (projected) from the radio core. These results are in favour of
the far-dissipation scenario, where SSC is the dominant γ-ray emission
mechanism.
From the morphology of the jet and other results discussed above it is
clear that the physics of the jet during the γ-ray high state is far more
complex. To understand the evolution of the shocks during this period,
the radio spectra of 1156+295 obtained in Publication IV are analysed (see
Figure 5.3). The spectra were obtained as part of the Planck campaign
with observations at four different epochs spanning the 2010 radio ﬂare:
ﬁrst two observations were during the rising phase of the radio ﬂux and
the rest during their decay. The spectra were modelled using a broken
power-law of the form:
Sν ∝
⎧⎪⎨
⎪⎩
ναmm for ν ≤ νbreak
ν
(αmm−αsub−mm)
break ν
αsub−mm for ν > νbreak
(5.1)
where αmm and αsub−mm are the spectral indices for the millimetre and
sub-millimetre part of the spectrum, and νbreak is the break frequency.
The evolution of the spectra in most sources in Publication IV seems to
behave according to the predictions of the shock-in-jet model: the ﬂux
density increases with any decrease in break frequency in the ﬁrst stage
(Compton losses), followed by a constant ﬂux density phase with decreas-
ing break frequency (synchrotron losses), and, ﬁnally, both ﬂux density
and the break frequency decreases (adiabatic losses). In this source, the
break frequency shifts from 44 GHz in the ﬁrst spectra to 24 GHz in the
ﬁnal spectra. However, it is evident from Figure 5.3 that the ﬂux density
never reaches a plateau phase with the decrease in the break frequency.
This suggests the lack of synchrotron losses during the evolution of the
2010 radio ﬂare. Similar results have been reported in 3C 345 (Lobanov
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Figure 5.3. Radio spectra of 1156+295 during Planck observations. All Planck data are
shown with a star symbol while other radio data as open circles. Data other
than those in red are shifted in frequency by ﬁve per cent for clarity with the
points and error bars. This plot is from Publication IV.
& Zensus 1999) and CTA 102 (Fromm et al. 2011).
The shape of all spectra in Figure 5.3 appears to be smooth, except the
ﬁrst spectrum that displays a complex structure. Two distinct humps
are visible in the ﬁrst spectrum, which could characterise the presence of
multiple shocks in the jet. This is in agreement with the ﬁnding of two
components from the VLBA analysis.
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6. Conclusions
The uniform all-sky coverage of Fermihas been exploited through a de-
tailed study of the blazar 1156+295, and a systematic search for multifre-
quency correlations for a sample of FSRQs and BLOs. The results in Pub-
lication I showed how the evolution of shocks and shock-shock interaction
played a dominant role in the production of γ-ray ﬂares. In Publication II,
the correlated variability in sources along with the size of the radio core
showed evidence for the γ-ray emission to be co-spatial with the radio
core. This evidence for the parsec-scale γ-ray emission, however, chal-
lenges the observed variability time-scales that are of the order of weeks
at γ rays, under a one-zone framework. A workaround to this problem
is to assume multiple smaller zones that show rapid variability. Differ-
ent realisations of this model are discussed in the literature, such as the
pipe geometry model by Graff et al. (2008), Monte Carlo radiative trans-
fer models including the Fokker-Planck equations by Chen et al. (2011),
magnetic reconnection by Giannios (2013) and the turbulence scenario by
Marscher (2014). On the same note, the SED model for FSRQs has to be
revisited since the dominance of the SSC component for the γ-ray emis-
sion is shown to be much higher in these works.
The importance of well-sampled data can be understood from the lack
of signiﬁcant results in Publication III. Only with such data, will it be
possible to take the noise properties of the light curves properly into ac-
count for most variability studies. In addition to this, long-term monitor-
ing campaigns are to be performed to understand the evolution of ﬂares
over different activity periods. Also from the perspective of correlations,
the chances of obtaining signiﬁcant correlations for long time series are
higher since the activity cycle of ﬂares are on average six years (Hovatta
et al. 2007). The near-zero time delay obtained in the millimetre corre-
lation analysis of Publication III shows the importance of 37 GHz light
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curves, since continued monitoring of sources at higher frequencies such
as 95 GHz, in this case, are seldom possible.
Thus, through this thesis, the importance of variability in relativis-
tic jets and its connection across the electromagnetic spectrum can be
stressed. However, to understand the mechanisms such as the jet launch-
ing, acceleration and collimation, among others, one has to probe the
shocked regions of the jet at much higher resolution, usually with the
aid of VLBI observations. Therefore, the necessity for continued monitor-
ing of AGN using VLBI in the future is stressed. The simultaneous radio
spectra obtained during the Planck campaign has shown that the spec-
tral shapes of most of the sources are in agreement with the shock-in-jet
model. A better understanding of the radiative processes in the shocks re-
quires physical modelling of the radio spectra. Polarisation and spectral
analysis for a sample of sources will serve as a useful tool in understand-
ing the magnetic ﬁeld and energy density of relativistic electrons. These
results will, therefore, tie loose ends with the SED modelling, and thus
will be able to set more stringent limits on the physics of the blazar zone.
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Blazars are active galaxies with jets oriented 
towards the line of sight of the observer. The 
emission from blazars is highly variable 
from radio through gamma-ray bands 
making them some of the most luminous 
objects in the Universe. Despite our current 
understanding, the physics regarding the 
formation and evolution of the jet - their 
morphology among others - remains 
unknown. Hence, it is important to study 
these objects across the electromagnetic 
spectrum and monitor them to assess their 
evolution. In this work, the widely debated 
issue of the emission region and mechanism 
of gamma rays in blazars is discussed. The 
total ﬂux density curves at radio and optical 
bands, and photon ﬂuxes at gamma rays are 
investigated using modiﬁed versions of 
power spectral density and cross-
correlation analysis. 
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